T he worldwide demand for high yield and quality in wheat (Triticum aestivum L.) and other cereal crops leads to high rates of N application, which is an environmental concern (Mueller et al., 2014) . Grain yield response at further increases of N application is small and generally plateaus (Cassman et al., 2003; Mueller et al., 2012) . Increases in N application are usually done to achieve a premium grain protein (Corassa et al., 2018) .
For hard red spring wheat (HRSW), grain protein of greater than 140 g kg -1 command price premiums (Brown et al., 2005 ; US Wheat Associates, 2014) when global market demand for high protein is available. When high protein demand is available, a grain protein <140 g kg -1 can also lead to a discounted HRSW price. Thus, high grain protein for HRSW is preferred, which can be achieved by an application of more N, especially during an optimal growing condition for yield.
The grain protein-N response is influenced by both genetics and factors related to the environment and management such as moisture availability and growing conditions (Fowler, 2003) . 'Egan' is an HRSW cultivar developed mainly for resistance to wheat midge (Sitodiplosis mosellana). Egan inherited a high protein gene (Gpc-B1) due to this gene's tight linkage with introgressed stripe rust (by Puccinia striiformis Westend. f. sp. tritici) resistance gene (Blake et al., 2011) . The known tradeoff between grain yield and protein makes this cultivar, with the Gpc-B1 gene, a rarity (Kibite and Evans, 1984; Slafer et al., 1990; Martre et al., 2015) . Although HRSW breeding programs select for reasonably high grain protein, targeting the protein trait via Gpc-B1 remains unpopular (Tabbita et al., 2017) .
The tradeoff between grain yield and protein should be revisited on cultivars with Gpc-B1 as this gene up regulates N metabolism to increase protein accumulation to the grain (Cantu et al., 2011) . Uauy et al. (2006) reviewed findings in the literature that this gene hastens flag leaf senescence, which could lead to earlier maturation, and thus, shortening of grain-fill duration in wheat with the Gpc-B1 gene compared with wheat cultivars without this gene. High grain yield is associated with prolonged grain-fill duration (delayed senescence), extending the period of active photosynthesis for yield (Talbert et al., 2001; Bogard et al., 2011; Grogan et al., 2016; Liang et al., 2017) . Translocation of N from tissues to the developing grains becomes more efficient in highprotein cultivars via accelerated senescence (Uauy et al., 2006) .
Recent report does not support that high protein wheat due to Gpc-B1 negatively impacts grain yield. A meta-analysis by Tabbita et al. (2017) showed that only 4% of comparisons between Gpc-B1 lines and respective control lines exhibited yield reduction, whereas yield maintenance or increases were observed with the remaining 96% of the germplasm. Based on this review, the Gpc-B1 resulted in high protein with minimal to no impact on grain yield.
We hypothesize that the slope of the relationship between grain yield and protein in Egan within an environment (year) is shallow and this cultivar maintains high protein despite maximizing its yield potential via water management. To achieve that, we subjected Egan to various N and water regime treatments to document conditions for achieving both optimal grain yield and protein. To identify yield-limiting traits, tillering and rate of senescence (and other yield components) were evaluated as they relate to grain yield. Adoption of Egan has been rapid in northwestern Montana (personal communication, CHS Inc., and Lake Seed, LLC seed dealers, 2016). Information on N requirement at various water regimes is needed for this modern cultivar to help with decisions on N application. This study aimed to test whether Egan could sustain a high grain protein content with reduced N input while increasing grain yield via irrigation application. The objectives were to: (i) determine the optimal N input for grain yield and protein in Egan at varying moisture levels, and (ii) identify any grain yield-limiting components associated with this cultivar.
MAterIAls And Methods

experimental site
An experiment was conducted in 2016 and repeated in 2017 in two adjacent fields at the Northwestern Agricultural Research Center, Creston, MT (48°11¢17.1² N, 114°8¢50.8² W, elevation 900 m asl). The soil type is a Flathead fine sandy loam (coarse-loamy, mixed Pachic Haploxeroll; USDA-SCS, 1959) with a pH of 7.5 and 2.5% soil organic matter (SOM). Soil samples collected from 1-to 15-, 15-to 60-, and 60-to 90-cm depths were submitted to a commercial laboratory for residual NO 3 -N analysis. Alfalfa (Medicago sativa L.) and barley (Hordeum vulgare L.) were the previous crops in the 2016 and 2017 locations, respectively. During both growing seasons, daily weather conditions were monitored using a weather station located approximately 700 m from the experimental site (US Bureau of Reclamation, 2017). The monthly and seasonal air temperatures and precipitation are summarized in Table 1 .
experimental design and treatments
The experimental plots were arranged following a strip-split plot design with four blocks (replicates) in a 4 × 4 factorial setup with four irrigation levels (randomly arranged vertical strips) and four N levels (randomly arranged horizontal strips). The N levels included control (residual soil NO 3 -N) and three fertilized treatments. The N levels for the control treatments were 117 kg ha -1 for 2016 (residual NO 3 -N, mineralized SOM, additional N due to monoammonium phosphate fertilization [MAP] , and credit from previous alfalfa crop) and 45 kg ha -1 for 2017 (residual NO 3 -N, mineralized SOM, and MAP). The other three N fertilized treatments (N from the control treatment plus urea) were 168, 224, and 280 kg ha -1 total N for both years. Irrigation treatments included rainfed and three irrigated treatments of 50, 75, and 100% of crop evapotranspiration (ET), referred to hereafter as 50ET, 75ET, and 100ET, respectively. Daily crop water use was estimated from crop coefficients and grass-referenced ET (Allen et al., 1998) . For a more accurate water application, irrigation water for the three irrigated treatments was applied via surface drip tapes installed within 2 wk after emergence. Drip tapes were laid out along every 0.6-m row with five drip tapes per plot. Irrigation was triggered at 35% depletion of plant-available water within 0.6 m (from emergence through early heading) and 0.9 m (early heading and onward) root zones. The final irrigation was applied at the mediummilk stage (Torrion and Stougaard, 2017) . Daily precipitation and irrigation events are shown in Fig. 1 .
The experimental units were 4.6 × 3 m with 16 rows and an inter-row spacing of 0.19 m. Before planting, the fertilizers (urea, MAP, and potassium chloride) were applied using a 6-m long spreader boom (Valmar, Salford, IA) and incorporated into the soil using a field cultivator (John Deere, Moline, IL). The soil surface was packed using a cultipacker (Brillion, Marysville, KS) to minimize volatilization losses and to improve soil-seed contact. Before planting, seeds were treated with fungicides (difenoconazole, mefenoxam, and sedaxane), plus insecticide (thiamethoxam). Plots were planted using a plot planter (Hege, Wintersteiger, Salt Lake, UT) at 269 plants m -2 , adjusted for seed size and germination. For weed control, herbicides (pinoxaden, pyrasulfotole, bromoxynil octanoate, and bromoxynil heptanoate) were applied in 2016 and 2017. An insecticide (lambda-cyhalothrin) was applied only in 2016 because no insect pests were present in 2017. 
Variables (year and norm) April
May June July August Season Mean temp. Total precip. 
Measurements
All developmental stages were recorded once per week (with the exception of the physiological maturity, which was staged twice per week) using the method described by Zadoks et al. (1974) . Senescence, via the loss of flag leaf green pigmentation (0 being green and 10 being a complete loss of greenness; Pask and Pietragalla, 2012) , was scored on 28 July 2016 and 20 July 2017. At flowering stage, five randomly selected plants from each plot were collected, dried, and submitted to a commercial laboratory for total N analysis using near-infrared spectroscopy (NIR 6500, FOSS, Eden Prairie, MN). Plant samples from two 1-m rows were collected at maturity to determine the final total aboveground biomass. From the collected biomass, the number of plants and spikes were counted to determine the productive tiller number.
Following biomass sampling, the remaining area of each plot was harvested for grain yield using a combine harvester (Classic Wintersteiger, Salt Lake, UT). The grain protein, moisture, and test weight were determined using NIR (Infratec1241 Grain Analyzer, FOSS, Prairie, MN). A 1000-kernel weight was determined by weighing 250 seeds from each plot.
data Analysis
Data were analyzed using SAS version 9.4 (SAS Institute, Cary, NC) using the GLIMMIX procedure (SAS Institute, 2014) to compare the least square means, simple effects, and the ease of graphing procedures (which identifies the cause of interactions of the experimental factors). Data were analyzed each year separately due to the drought and low residual NO 3 -N in 2017 compared with 2016. Replication was considered a random effect and N and irrigation levels were fixed effects. Option DDFM = KENWARDROGER was used to estimate the degrees of freedom for the fixed effect error adjustment. The SLICE and MEANPLOT functions were used to understand two-way interactions each year. The LINE options were utilized for LS means comparisons and SLICEDIFF to assess simple effect comparisons. Graphing procedures, including nonlinear regression, were done using GraphPad Prism 6 (GraphPad Software, La Jolla, CA).
resUlts
The monthly precipitation and the ambient temperature in 2016 nearly resembled the 29-yr average (Table 1) . On the other hand, 2017 received much less precipitation with warmer temperatures than 2016 or the 29-yr average. With the contrasting weather conditions between years and the varying levels of N in the yearly control treatments (117 and 45 kg ha -1 in 2016 and 2017, respectively), the data were analyzed and presented separately for each year.
Grain Yield
There was no yield effect recorded for the N levels in 2016. This year, the residual NO 3 -N and N credit from the previous alfalfa crop was 117 kg ha -1 . The grain yield was increased (P = 0.0025) only by irrigation application, yet all irrigated treatments had similar grain yields in 2016 ( Table 2) . The irrigated treatments also had similar aboveground biomass, occurrences of physiological maturity, and lengths of grain-fill duration, which all corresponded to the grain yield. This year's precipitation was near normal (Table 1) with uniform distribution (Fig. 1 ). The relatively low level of water stress in 2016 was also evident in the similarity of the grain number and productive tillers across water regime treatments compared with 2017 (Table 2) .
In 2017, there was a water regime × N interaction (P < 0.001) for grain yield. It is only at the 100ET moisture regime where grain yield increased with N application in which the maximum yield response occurred at the 224 kg ha -1 N treatment. The biomass, occurrence of physiological maturity, and grain-fill duration also had two-way interactions (P < 0.05) and their respective responses to N increments followed similarly with the grain yield response to the levels of moisture. Under any given deficit water regimes (75ET, 50ET, and rainfed), each of their respective yields did not increase with N increments (Table 3) despite the low N of the control treatment (45 kg N ha -1 ) in 2017. At any given N level, except the control N, grain yield increased with increased moisture in 2017 (Table 3) . Also, the productive tiller number in 2017 was reduced with reduced moisture availability, which corresponded to the grain yield this year with the respective water regimes (Table 2) . Between years, a 38% reduction in grain yield was recorded during the dry and hot year (2017) compared with the near average 2016. The overall yield reduction in 2017 was associated with the 48% reduction in the aboveground biomass at maturity and among other reduction of yield components, and shortening of maturation and grain-fill durations in 2017 compared with 2016 (Table 2) .
Grain Protein
During 2016, grain protein was only increased with increased N (P = 0.0001), with maximum value obtained at the 224 kg N ha -1 treatment ( Table 4 ). The response of grain protein to the N level in 2017 was similar to 2016. However, there was a water regime × N interaction (P < 0.0001) in 2017 for this trait. For both the control and 168 kg ha -1 N levels, irrigation application lowered grain protein, although the reduction of grain protein with moisture was more evident under the control N ( Table 3 ). The grain protein content in the control N and 100ET treatments reached below 140 g kg -1 in 2017. This year, the control N level also had the lowest tissue N concentration at flowering stage. Increased level of N increased grain protein values, but only up to 168 kg N ha -1 in 2017, except the 100ET treatment. The grain protein under 100ET treatment was increased further at the 224 kg N ha -1 treatment ( Table 3 ). The maximum grain protein response with N in 2016 was also increased at 224 kg N ha -1 regardless of moisture availability (Table 4 ).
The grain protein interaction means with moisture regimes × N in 2017, including 2016 despite the absence of the twoway interaction of this trait this year, both are presented in a linear upper-plateau model (Fig. 2 ). Using this approach, the maximum grain protein response was achieved at N ≥ 180 kg ha -1 N level referred here as the x-axis breakpoint (Xo) of the linear plateau. In 2016, Xo occurred at 186 kg ha -1 N. Given the favorable moisture and N supply for grain yield in 2016, the overall grain protein remained above the reference premium quality level (Fig. 2) . In 2017, the Xo breakpoint was 180 kg ha -1 N-of resemblance to the 2016 Xo considering the difference of the overall grain protein levels with the 2 yr of study (Fig. 2, Table 4 ).
Grain Yield and Protein relationship
The relationship between grain yield and protein is shown in Fig. 3 . Distinct segregation from this relationship was observed between the 45 and the yearly N > 100 kg ha -1 levels. The b (referred here as the slope of the grain yield and protein relationship) test of the 45 kg ha -1 N was significantly different from zero (P < 0.05), indicating an inverse relation between these two traits with irrigation at the lowest N level. However, the b of the N > 100 kg ha -1 was not different (P > 0.05) from zero. The inverse relation between grain yield and protein did not exist at these levels of N in either year as also explained by the very low coefficient of determinations. Regression for the combined years, however, did show a significant (P < 0.01) b, indicating the impact of the environment (contrasting yearly growing conditions, see Table 1 and Fig. 1) . The grain protein content at higher N levels (i.e., N > 100 kg ha -1 ), regardless of grain yield, remained above the market premium (Fig. 3) . Increases in grain yield via irrigation application at low N levels (45 kg ha -1 ) caused grain protein values to fall below the reference market premium standard (Fig. 3, Table 3 ). 486.5 ± 16 † Number of days from heading to physiological maturity. DAE, days after emergence; ns, not significant. ‡ Aboveground plant tissue total N. § Flag leaf senescence scored from 0 to 10, 0 being green and 10 being an absence of green pigmentation of the flag leaf (Pask and Pietragalla, 2012) . table 3. trait interaction means between water regimes and n levels in 2017. Water regime treatments include: full-season irrigation of 100% evapotranspiration (100et) and deficit irrigations of 75et, 50et, and a rainfed check. total n represents all forms of n (residual no 3 -n, mineralized soil organic matter, previous alfalfa crop n credit, and applied fertilizers). same letter assignment indicates nonsignificance at a = 0.05 across water regimes and n levels.
Total N, kg ha -1 45 (control) 168 224 280 Grain fill ----------------d from heading to maturity ----------------- 
table 4. Yearly means of aboveground grain protein, tissue total n at flower, grain test weight, and 1000-seed weight. the control for 2016 and 2017 had 117 and 45 kg ha -1 n, respectively. total n represents all forms of n (residual no 3 -n, mineralized soil organic matter, previous crop n credit, and applied fertilizers). same letter assignment indicates nonsignificance (ns) at a = 0.05 across n levels of each year. . 2 . Yearly water regime × n interaction means of grain protein concentration. Water regime treatments include: full-season irrigation of 100% evapotranspiration (100et) and deficit irrigations of 75et and 50et. total n represents all forms of n (residual no 3 -n, mineralized soil organic matter, previous alfalfa crop n credit, and applied fertilizers). the standard error (se) is for water regime × n averaged between years. Xo represents the maximum grain protein response using an upperplateau linear model.
Response
Fig. 3. Grain yield and protein relationship in 2016 (solid symbols) and 2017 (open symbols). Yearly (solid lines) and combined 2-yr (dotted line)
regressions between grain protein and the yield on total n levels greater than 100 kg ha -1 and a 2017 n at 45 kg ha -1 . ns, nonsignificant; * significant at P ≤ 0.05; and ** significant at P ≤ 0.01 b (i.e., slope) of the regression.
other Quality traits
Both water regimes and N levels had a significant effect on grain test weight each year (P < 0.01). Although an improvement of the grain test weights was increased only by 100ET treatment in 2016, the application of irrigation in 2016 consistently improved grain test weights in 2017 (Table 2) . While an irrigation application increased grain test weights, increases in N levels consistently reduced this seed quality trait (Table 4) .
The falling number, a relative measure of amylase activity in the grain, remained greater than 400 s (300 s being a critical duration for HRSW). Application of irrigation consistently reduced (P < 0.05) falling number between years ( Table 2 ). The N treatment also reduced (P = 0.02) falling number but only evident in 2016. There was no impact on the increased N level in 2017, even with this year's low level of N in the control treatment (Table 4 ).
dIsCUssIon
Our results indicate that a maximum grain protein concentration, regardless of growing conditions and increasing grain yields by supplemental irrigation, can be attained when the total N supply is near 180 kg ha -1 (Xo in Fig. 2) . This identified optimal level of N in this study is valuable information for producers in northwestern Montana (and other areas with similar growing conditions). Often, excessive application of N applied to enhance grain protein content (Corassa et al., 2018) , which can be economically risky because the global market demand for quality can be inconsistent. Also, additional grain protein premiums may not justify the cost of added fertilizer. For example, no premium or discount was available for HRSW locally in the fall of 2018 (CHS, 2018) .
During an optimal growing condition of 2016, Egan achieved grain protein content above the reference premium level at the lowest N level (control; 117 kg ha -1 ; Table 4 , Fig. 2 ). This level of N may be too conservative, as our estimation of N credit from the previous alfalfa crop could be less accurate. A further detailed study on temporal levels available NO 3 -N over time in the soil can be useful, which is outside the scope of this study. During 2017, where the residual N was low and there was no N credit from the previous crop barley, the N level of maximum grain protein response is similar to the 2016 (Fig. 2) . This temporal similarity of the N levels for the maximum grain protein response between years may have improved our 2016 estimation of the level of N of the control treatment this year.
The yield performance of Egan during an average growing condition (2016, Table 1) was not limited by N (even with the lowest N level; 117 kg ha -1 ) this year as well as the levels of irrigation applied ( Table 2) . The abundance and the well-distributed occurrences of rainfall events this year (Fig. 1A) lessened the impact of the expected water stress with the reduced irrigation supplementation. The similarity of yields among the irrigated treatments (50ET, 75ET, and 100ET in Table 2 ) is consistent with the similarity of biomass, productive tillers, grain-fill duration, grain number, maturation, and grain test weights of these treatments. In 2017 dry and hot year on the other hand, the grain yield was influenced by the above-mentioned recorded responses (Table 2) .
To further evaluate the water regime × N interactions for both grain yield and protein in 2017, the data are presented in Table 3 . During a drought year (2017), the highest level of moisture at 100ET assured a yield response of added N. If moisture was either well-managed or consistently at deficit levels, N application does not warrant yield improvement in reference to the lowest N check during a drought year for Egan (Table 3) . When the yield potential is achieved via well-manged irrigation (100ET), grain protein content require a close examination in which the relationship between these two traits is detailed in Fig. 3 .
The b (slope between the grain yield and protein content) of Egan within a year was indeed shallow (insignificant from zero; Fig. 3 ), but only when the N > 100 kg ha -1 for either year. Despite the high grain yield during a near-normal growing condition in 2016 (Table 1) , premium grain protein levels were maintained in the control (Table 4 ) and the tradeoff between these two traits, as shown in Fig. 3 , was nonexistent. At N > 100 kg ha -1 , the tissue N concentration at flowering was consistently above ( Table 4 ) the 1.8% critical N level (Gastal et al., 2015; Hoogmoed and Sadras, 2018) . This suggests that N ≥ 100 kg ha -1 is adequate to maximize both grain yield with premium level grain protein, although grain protein can still be maximized with increased N. Despite the differences in the control N treatments and the growing conditions of 2016 and 2017, which impacts the yearly grain protein (Fig. 2, Table 4 ), there was a similarity of their Xo values (N range 180-186 kg ha -1 ). The Xo, which is an N level resulting in a maximum grain protein response (Fig. 2) , is fixed based on the 2 yr of data, regardless of environmental or growing conditions. The nonresponsive grain protein at higher N was reported by Fowler (2003) to be due to the yield potential limitations due to genetics, environment, and management (irrigation). In our study, additional N fertilizer did not improve grain protein any further than what is shown as Xo grain protein breakpoint in Fig. 2 , even in the case of non-limiting grain yield growing conditions of 2016.
The grain yield and protein relationship in wheat has long been studied under varied N and water levels (McNeal and Davis, 1954; Fernandez and Laird, 1959; Terman et al., 1969) . These authors consistently reported high grain protein on the driest ground and low on the wettest ground. The inverse relationship between these two traits remains a challenge today, especially for well-adapted highyielding cultivars (Fowler, 2003; Sadras and Calderini, 2014; Martre et al., 2015) . Because of this challenge, greater N input is recommended in Montana to achieve high grain protein when the growing condition is optimal for high yield (Jacobsen et al., 2005) . Based on our present study using Egan, the treatment 117 kg N ha -1 was enough to maintain both traits, or at least a grain protein that is above the market premium benchmark (140 g kg -1 ; Fig. 2 ). Moreover, we found that the inverse relationship between these traits was evident only under a very low NO 3 -N in 2017 (when irrigation was not limiting), as well as the influence with the environment (year) shown in Fig. 3 
(dashed regression line).
Local HRSW cultivars (including Egan) investigation was studied with variable N under contrasting moisture regimes (Bicego et al., unpublished data, 2017) . These authors reported that grain yield for Egan was statistically the same as for 'McNeal' (one of the parent material for Egan; Blake et al., 2014) at varying levels of N on either rainfed or irrigated conditions. However, Egan' s grain protein content was consistently greater than the rest of the HRSW tested (Bicego et al., unpublished data, 2017) . Unlike cultivars without the Gpc-B1 gene, Egan may offer an opportunity to reduce N application while still above the reference premium grain protein (Fig. 2) . Future research could clarify this relationship examining the grain protein levels in low N conditions, particularly on near-isolines with confirmed absence or presence of the Gpc-B1 gene.
It can be argued that the b stability on grain yield and protein in Egan (Fig. 3) may be due to the grain-yield tradeoff attributed by the Gpc-B1 gene triggering early senescence, which increases efficiency in remobilizing N for increased grain protein (Fischer, 2012) . Although Bicego et al. (unpublished data, 2017) reported Egan to have similar yield as its parent material (McNeal) under different levels of resources, it may be that the advances of the rate of flag leaf senescence were not impactful to its photosynthetic capacity (see Tables 2 and 3 for the 2016 and 2017 grain-fill duration responses, respectively). Because of the high level of N in the control treatment of 2016, flag leaf senescence and maturation were influenced solely by irrigation this year. In 2017, however, with the low N level of the check, flag leaf senescence was influenced by both N and irrigation levels (Table 3) . Although the Gpc-B1 reported to advance senescence (Uauy et al., 2006) , this process remains co-regulated by abiotic factors in Egan, leading to the complexity as also reported in the literature (Hay and Porter, 1989; Buchanan-Wollaston, 1997; Fischer, 2012; Martre et al., 2015) . Even though we have not included McNeal in this study, Bicego et al. (unpublished data, 2017) reported that Egan did senesce earlier than McNeal, with no statistical difference in grain yield between these cultivars at the varied year and N or moisture.
In 2017, the low residual soil NO 3 -N would have had helped us assess Egan' s response to additional fertilizer more effectively if the growing conditions were more favorable (Table 1 ). In 2017, developmental phases were accelerated-about 20 d earlier occurrence to complete the reproductive stage compared with 2016 ( Fig. 1A,  1B )-resulting in a much lower average grain yield ( Table 2) .
Application of irrigation increased grain yield consistently for both years of this study (but with two-way interaction in 2017). Similar local experiments reported that lowering irrigation amounts to 33% (66ET) did not limit grain yield for HRSW cultivars without Gpc-B1, both during an average year (2014) and during an extreme drought year (2015; Torrion and Stougaard, 2017) . In our present study, there were no observed differences in grain yield during a near-average year (2016) of the irrigated treatments (Table 2) in relation to the well-watered check. The lack of differences in grain yield among the three irrigated treatments (50ET, 75ET, and 100ET) indicates that the deficit irrigation treatments have not negatively impacted photosynthesis, likely because during 2016 rainfall was sufficient in amount and distribution (Fig. 1A) . Thus, 2016 was not limited by grain yield sink capacity (tillering and seed number) attributed to the rainfall events (Fig. 1A) . The lowest grain yield in rainfed condition was associated with the shortest grain-fill duration, and consequently, the smallest seed size ( Table 2) .
The drought in 2017 at mid-season to maturity affected the survival of potential tillers into productive tillers in water-stressed treatments ( Table 2) . As a result, grain yield was significantly different among moisture regime treatments in 2017 (Table 2) . We carefully examined grain yield response to moisture regime, as this interacted with N level this year. The interaction was simple (no criss-cross), and thus, we were able to interpret (Hinkelmann and Kempthorne, 1994; Moore and McCabe, 1999) the impact of moisture regime with this trait.
Other researchers reported that 20 to 30% irrigation reduction in reference to a well-watered check (100% ET replacement) would not cause grain yield loss in row crops such as wheat, corn (Zea mays L.), grain sorghum [Sorghum bicolor (L.) Moench], and peanut (Arachis hypogaea L.) (English and Nakamura, 1989; Turner et al., 1994; Kang et al., 2000; Ali et al., 2007; Rowland et al., 2012; Chai et al., 2015; Liang et al., 2017) . Mild drought stress can stimulate root growth and reduce biomass accumulation to decrease excessive water loss through transpiration, especially early in the season (Kang et al., 2000; Rowland et al., 2012; Torrion et al., 2014; Liang et al., 2017) . However, in the current study, a 25% reduction in irrigation input (75ET) reduced grain yield relative to the full irrigation treatment (100ET) during a drought year in 2017. It is not clear whether this was due to the lack of precipitation events that could have prevented further lowering of plant-available water or if drought did not stimulate root growth in Egan. The 75ET this year had numerically lower biomass, grain number, productive tiller, and 1000-seed weight (the differences were not significant, Table 2 ) compared with the 100ET treatment, which was apparently enough to cause a significant grain yield difference. The grain yield response with irrigation this year was limited primarily by a grain yield sink capacity-reduced productive tillers and grain number.
In conclusion, optimal grain yield and a premium grain protein value under the two contrasting growing years were achieved with N just over 100 kg ha -1 . When N is close or greater than 100 kg ha -1 , the relationship between these two traits in the two years of the study is stable (no negative association). The negative association of these two traits, using the cultivar Egan, was only evident with the growing year (environment) where grain yield was either optimal (average year) or below optimal (a drought year). During a drought year, grain yield was limited by the reduced grain yield sink capacity (productive tillers and grain number) in relation with the average year. Optimal yield can also be attained via deficit irrigation, but this outcome is restricted only during a near-average growing condition. The grain yield of Egan, even when maximized by the 100ET approach, showed minimal risk of reduced grain protein below the premium level as long as N ≥ 100 kg ha -1 . Still, a maximum grain protein can be achieved at 180 to 186 kg N ha -1 , regardless of growing conditions.
